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In  order  to  improve  the  hydrogen  sorption  kinetics  of  Mg  at  room  temperature,  the  Mg— 9.2 wt%TiH  1.971 
-3.7wt%TiHi,5  nanocomposite  is  successfully  prepared  by  hydrogen  plasma-metal  reaction  (HPMR) 
method  and  hydrogenation/dehydrogenation  at  673  K.  The  Mg  nanoparticles  are  hexagonal  in  shape 
with  the  size  in  the  range  of  50—190  nm.  The  spherical  Ti  hydrides  nanoparticles  of  about  13  nm  are 
uniformly  dispersed  on  the  surface  of  Mg  nanoparticles.  During  hydrogenation/dehydrogenation  cycle, 
the  Ti  hydrides  nanoparticles  restrain  the  growth  of  Mg  nanoparticles.  The  Mg-TiHi.97i-TiHi.5  nano¬ 
composite  quickly  absorbs  4.3  wt%  H2  in  10  min  at  room  temperature  and  reaches  a  saturation  value  of 
5.0  wt%  in  60  min.  The  apparent  activation  energies  for  hydrogen  absorption  and  desorption  are  12.5  and 
46.2  kj  mol-1,  respectively.  The  improved  kinetics  and  reduced  activation  energy  are  explained  in  terms 
of  the  nanostructure  of  Mg  and  the  synergic  catalytic  effect  of  TiHi.971— TiHi.5  nanoparticles. 
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1.  Introduction 

Hydrogen,  because  of  its  high  energy  density  and  pollution-free 
properties,  is  good  energy  carrier  alternative  to  conventional  fossil 
fuels  for  future  automotives.  However,  the  wide-ranging  applica¬ 
tion  of  hydrogen  is  still  challenged  by  its  storage  technology  1  . 
Metal  hydrides  are  considered  as  the  most  potential  candidate  for 
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hydrogen  storage  materials  due  to  their  superior  properties  in 
storage  capacity  and  safety  [2  .  Among  metal  hydrides,  MgH2  is  still 
the  most  attractive  due  to  its  high  theoretical  gravimetric  capacity 
of  7.6  wt%  H2,  reversibility,  abundance  and  low  cost.  Nevertheless, 
some  thresholds  still  lie  in  both  thermodynamic  and  kinetic 
properties  for  the  practical  application  of  MgH2  [3].  Typically,  the 
hydrogenation  of  Mg  needs  a  temperature  higher  than  573  I<  and 
the  dehydrogenation  temperature  is  even  higher  due  to  the  high 
thermodynamic  stability  of  MgH2  (decomposition  enthalpy  of 
MgH2  is  75  kj  mol-1  H2)  [4,5].  At  room  temperature,  the  hydrogen 
sorption  rate  is  rather  low  due  to  poor  kinetics  [6].  Therefore,  it  is 
important  to  lower  the  operation  temperature  and  improve  the 
sorption  kinetics  in  the  meantime. 

The  addition  of  catalyst  is  an  effective  way  to  improve  the 
sorption  kinetics  of  Mg  hydride.  Recent  works  indicate  that  doping 
a  small  percentage  of  catalytic  3d-transition  metals,  such  as  Ti,  V, 
Mn,  Fe,  Ni,  Co  and  Cu  can  intensively  enhance  the  sorption  kinetics 
of  Mg  without  apparently  reducing  its  high  hydrogen  capacity 
[7-11  .  High  energy  ball  milling  (HEBM)  is  the  most  common 
method  to  disperse  additives  in  Mg.  Liang  and  coworkers  found 
that  the  MgH2  +  5  at%  V  composites  prepared  by  ball  milling 
absorbed  5  wt%  H2  at  423  K  in  10  min  [10  .  It  was  also  found  that 
the  ball-milled  Mg-Co  alloys  with  body-centered  cubic  structure 
(BCC)  absorbed  2.1  mass%  H2  at  323  I<  [11].  As  a  catalyst,  Ti- 
hydride  shows  remarkable  performance  in  improving  the 
hydrogen  storage  properties  of  Mg,  especially  at  moderate  tem¬ 
peratures  (<573  K).  Cuevas  et  al.  found  that  during  the  milling  of 
the  Mg-Ti  composite  under  hydrogen  atmosphere  (8  MPa),  the 
TiH2  (<15  min)  was  firstly  generated,  and  the  transformation  of 
MgH2  was  followed  after  2].  The  7MgH2/TiH2  mixture  produced 
by  high-energy-high-pressure  (HEHP)  mechanical  ball-milling 
started  to  release  H2  at  399  K  [12].  Shao  et  al.  reported  that  the 
Mg  and  Ti  composites  prepared  by  milling  under  hydrogen  could 
even  absorb  hydrogen  at  313  K  [13  .  Lu  and  coworkers  reported 
that  the  milled  MgH2-0.1TiH2  particles  could  uptake  about  4.5  wt 
%  H2  in  4  h  at  room  temperature  under  6  MPa  hydrogen  pressure 
[14].  Although  moderate  operation  temperature  and  high  ab¬ 
sorption  capacity  have  been  achieved  in  these  studies,  the  hy¬ 
drogenation  rate  was  still  low.  Moreover,  titanium  hydrides, 
besides  TiH2,  contain  many  kinds  of  phases,  such  as  TiHi.971, 
TiHi.924,  TiHi.5,  TiH  and  TiH0.7i  [13-15  .  There  are  some  works 
revealing  the  catalytic  function  of  TiH2,  but  the  combining  cata¬ 
lytic  effect  of  multiple  Ti  hydrides  in  the  Mg-based  hydrogen 
storage  materials  has  not  been  investigated  yet.  It  should  be  noted 
that  during  the  ball  milling  the  contamination  often  induces  poor 
repeatability  and  difficulties  in  interpreting  the  hydrogenation/ 
dehydrogenation  mechanism.  Meanwhile,  recent  studies  have 
suggested  that  when  the  particle  size  of  Mg  is  reduced  to  nano¬ 
scale,  both  the  hydrogen  absorption  and  desorption  kinetics  can 
be  significantly  improved  [16-21  .  Although  the  grains  of  the  Mg- 
based  particles  produced  by  the  HEBM  can  achieve  nanosize,  their 
particle  sizes  are  still  in  the  range  of  micrometer  [11,14].  Thus,  it  is 
necessary  to  improve  the  sorption  kinetics  of  Mg  via  using  parti¬ 
cles  in  nanoscale  and  doping  novel  catalysts. 

Hydrogen  plasma-metal  reaction  (HPMR)  method  is  a  novel 
vapor  deposition  process  and  suitable  for  producing  metallic 
nanoparticles  industrially  with  high  purity  and  low  cost.  Previ¬ 
ously,  we  have  demonstrated  that  HPMR  method  can  be  utilized  to 
prepare  Mg-based  nanocomposites  with  enhanced  hydrogen 
storage  properties,  such  as  Mg-Al  and  Mg-V  22,23].  In  this  work, 
we  intend  to  produce  Mg— TiHi.971— TiHi.5  nanocomposite  by 
HPMR  and  hydrogenation/dehydrogenation  at  673  K,  investigate 
their  hydrogen  storage  properties  at  room  temperature,  and  clarify 
the  synergic  catalytic  effect  of  two  kinds  of  Ti  hydrides 
nanoparticles. 


2.  Experimental 

The  equipment  for  producing  nanoparticles  primarily  contains 
an  arc  melting  chamber  and  a  collecting  system,  which  was 
described  elsewhere  [24  .  The  Mg-based  nanocomposite  were 
produced  by  arc  melting  Mg  (purity  >99.9%)  ingot  of  22  g  and  Ti 
(purity  >99.9%)  ingot  of  14  g  in  a  50%  Ar  and  50%  H2  mixture  of 
0.1  MPa.  The  arc  current  was  selected  as  150  A.  The  flow  rate  of  the 
circulation  gas  for  the  collection  of  nanoparticles  was  100  L  min-1. 
Before  the  nanoparticles  were  taken  out  from  the  collection  room, 
they  were  passivated  with  a  mixture  of  argon  and  air  to  prevent  the 
particles  from  burning.  The  Mg  and  TiHi.971  nanoparticles  were  also 
synthesized  by  the  HPMR  method  at  the  same  condition  with  the 
Mg-based  nanocomposite,  respectively. 

The  hydrogen  desorption  and  absorption  properties  were  eval¬ 
uated  using  a  Sieverts-type  apparatus.  The  volume  of  the  reactor 
chamber  was  about  60  ml,  and  the  error  of  the  measurement  was 
less  than  5%.  To  obtain  the  Mg— TiHi.971— TiHi.5  nanocomposite,  the 
as-prepared  Mg-based  nanocomposite  of  100  mg  was  heated  to 
673  K  to  experience  one  hydrogen  absorption/desorption  cycle  in 
hydrogen  (4  MPa)  and  vacuum.  To  measure  the  absorption  kinetic 
curves,  the  system  was  evacuated  to  10-3  Pa,  and  the  samples  were 
heated  up  to  298,  373, 473,  523,  573,  623  and  673  K,  respectively.  A 
hydrogen  pressure  of  4  MPa  was  provided  to  make  the  Mg-Ti  hy¬ 
drides  nanocomposite  absorb  hydrogen.  The  desorption  kinetic 
curves  at  various  temperatures  were  measured  at  an  initial  pres¬ 
sure  of  about  100  Pa  by  evacuating  the  system.  A  conventional 
pressure-volume-temperature  technique  was  used  to  obtain  the 
hydrogen  sorption  curves  and  pressure-composition  (P-C) 
isotherm  curves  at  different  temperatures.  Once  the  change  of 
hydrogen  pressure  was  less  than  20  Pa  s-1,  the  hydrogen  absorption 
or  desorption  process  at  certain  pressure  was  considered  as 
reaching  equilibrium  during  the  P-C  isotherm  measurement.  The 
hydrogen  sorption  properties  of  TiHi.971  nanoparticles  were  also 
measured  at  the  same  condition  as  the  Mg-Ti  hydrides  nano¬ 
composite.  Before  the  measurement,  the  samples  experienced  one 
hydrogenation/dehydrogenation  cycle,  similar  with  the  Mg-Ti 
hydrides  nanocomposite. 

The  structural  analyses  of  the  Mg-Ti  hydrides  nanocomposite 
before  and  after  the  hydrogen  sorption  were  carried  out  by  X-ray 
diffraction  (XRD)  using  a  Rigaku  X-ray  diffractometer  with  mono¬ 
chromatic  Cu  Ka  radiation.  The  morphology,  size  distribution  and 
shape  of  the  nanoparticle  samples  were  observed  by  transmission 
electron  microscope  (TEM)  using  JEOL-JSM-2100  at  an  accelerating 
voltage  of  200  kV.  For  comparison,  the  structural  and  morphology 
analyses  of  the  Mg  nanoparticles  were  also  conducted  by  XRD  and 
TEM.  The  energy  dispersive  X-ray  spectroscopy  (EDX)  was  used  to 
determine  the  contents  of  Mg  and  Ti  in  the  nanocomposite. 

3.  Results  and  discussion 

3.2.  Particle  features 

Fig.  1(a)  displays  the  TEM  image  of  the  as-prepared  Mg-based 
nanocomposite  by  HPMR  method,  and  the  inset  figure  is  the  his¬ 
tograms  of  size  distribution.  It  can  be  seen  that  there  are  two  types 
of  particles.  The  big  particles  vary  from  40  to  180  nm  with  an 
average  of  about  115  nm.  They  have  clear  hexagonal  shapes,  which 
are  the  same  as  the  pure  Mg  ultrafine  particles  prepared  by  HPMR 
[25].  Compared  with  the  Mg  nanoparticles  of  about  300  nm  (see 
Fig.  SI)  in  average  prepared  by  HPMR,  the  addition  of  Ti  greatly 
reduces  the  particle  size  of  Mg.  Fig.  1(b)  displays  the  high  resolution 
TEM  image  of  one  big  particle.  The  interplanar  spacing  is  measured 
to  be  2.780  A,  corresponding  to  the  Mg  (100),  2.778  A.  It  demon¬ 
strates  that  the  big  particles  are  Mg.  On  the  surface  of  each  big 
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Fig.  2.  The  energy  dispersive  X-ray  spectroscopy  of  the  Mg-TiHi.97i  nanocomposite. 


room  temperature.  It  is  found  in  Fig.  3(a)  that  the  as-prepared  Mg- 
based  nanocomposite  contains  dominantly  a-Mg  (hep)  together 
with  a  certain  amount  of  TiHi.971,  in  good  agreement  with  the  TEM 
observation  (Fig.  1).  No  diffraction  peaks  of  MgH2  are  found  due  to 
the  poor  formation  kinetics  and  thermodynamics  of  MgH2.  The 
lattice  constants  of  Mg  calculated  from  the  XRD  data  are 
a  =  3.209  A  and  c  =  5.210  A,  the  same  as  the  standard  data  of  pure 
a-Mg  (JCPDS  35-0821).  This  indicates  that  noTi  dissolves  in  Mg,  in 
good  agreement  with  the  Mg-Ti  equilibrium  binary  diagram  15].  It 
is  worth  to  note  that  the  diffraction  peak  of  MgO  around  42.9°, 
which  usually  appears  in  the  Mg  particles  prepared  by  HPMR  (see 
Fig.  S2),  cannot  be  detected  in  the  present  XRD  pattern  of  the  as- 
prepared  nanoparticles.  This  demonstrates  that  the  addition  of  Ti 
effectively  suppresses  the  pyrophoricity  of  Mg,  and  decreases  the 
MgO  content  in  the  nanoparticles  after  the  passivation  process.  It  is 
shown  in  Fig.  3(b)  that  after  the  hydrogenation/dehydrogenation 
cycle  at  673  K,  MgH2  dehydrogenates  and  changes  completely  into 
a-Mg.  From  the  XRD  pattern  in  Fig.  3(c),  it  can  be  found  that  after 
the  absorption  process  at  room  temperature,  most  of  the  Mg  in  Mg- 
based  nanocomposite  transforms  into  MgH2.  But,  a  little  amount  of 
Mg  still  exists  due  to  the  insufficient  hydrogenation  at  such  low 
temperature.  The  peak  of  MgO  at  42.9°  is  detectable  in  both 
Fig.  3(b)  and  (c),  which  is  attributed  to  the  fact  that  the  nano¬ 
particles  are  taken  out  of  the  chamber  without  sufficient  passiv¬ 
ation  after  the  absorption  and  desorption  processes.  It  has  been 
reported  that  TiHi.971  can  decompose  to  TiHi.5  during  the  dehy¬ 
drogenation  process  at  around  673  I<  [26-28  .  Analyzed  from  the 
XRD  result  of  the  Mg-based  nanocomposite  in  Fig.  3(b)  and  (c), 
however,  TiHi.5  phase  cannot  be  identified,  probably  due  to  its  low 
content. 


Fig.  1.  TEM  bright-field  image  of  the  as-prepared  Mg-TiHi.971  nanocomposite  (a),  HR- 
TEM  image  of  Mg  (b)  and  HR-TEM  image  of  TiHi.971  (c). 

particle,  the  small  spherical  particles  of  about  13  nm  are  dispersed 
uniformly.  Fig.  1(c)  displays  the  high  resolution  TEM  image  of  a 
small  particle.  The  interplanar  spacing  of  the  small  particle  is 
2.220  A,  which  belongs  to  the  (200)  of  TiHi.971,  2.221  A.  The  EDS 
result  in  Fig.  2  displays  that  the  average  Ti  content  in  the 
Mg-TiFli.97i  nanocomposite  is  12.4  wt%.  Therefore,  the  as-prepared 
nanocomposite  synthesized  by  HPMR  is  Mg— 12.9wt%TiHi.97i.  The 
lower  Ti  content  in  the  as-prepared  nanoparticles  than  that  in  the 
master  ingot  is  due  to  the  higher  evaporation  rate  of  Mg  than  that  of 
Ti  in  the  HPMR  process. 

Fig.  3  shows  the  XRD  patterns  of  the  as-prepared  Mg-based 
nanocomposite,  the  samples  obtained  after  hydrogenation/dehy¬ 
drogenation  cycle  at  673  I<  and  after  the  hydrogen  absorption  at 


Fig.  3.  XRD  patterns  of  the  as-prepared  Mg-based  nanocomposite  by  HPMR  (a),  after 
hydrogenation/dehydrogenation  at  673  K  (b)  and  after  the  absorption  under  4  MPa 
hydrogen  pressure  at  298  K  (c). 
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In  order  to  clarify  the  evolution  of  TiHi.971  in  the  Mg-Ti  hy¬ 
drides  nanocomposite  during  the  hydrogenation/dehydrogenation 
cycle,  the  TiHi.971  nanoparticles  have  been  synthesized  by  HPMR 
method  at  the  same  condition  with  the  Mg-TiHi.971  nano¬ 
composite.  The  TiHi.971  nanoparticles  have  the  similar  particle  size 
with  those  in  the  Mg-TiHi.971  nanocomposite  of  about  13  nm,  as 
shown  in  Fig.  4(a).  The  measured  lattice  fringe  spacing  is  2.603  A, 
corresponding  to  (111)  plane  of  TiHi.971  (see  Fig.  4(b)).  The  XRD 
patterns  of  the  as-prepared  TiHi.971,  after  hydrogenation/dehy¬ 
drogenation  at  673  K  and  after  hydrogenation  at  room  tempera¬ 
ture  are  shown  in  Fig.  5.  It  is  observed  in  Fig.  5(a)  that  the  as- 
prepared  sample  is  made  of  TiHi.971,  and  no  other  phases  can  be 
detected.  It  also  implies  that  the  Mg-based  nanocomposite  pre¬ 
pared  by  HPMR  contains  merely  Mg  and  TiHi.971.  After  hydroge¬ 
nation/dehydrogenation  at  673  K,  the  peaks  of  TiHi.5  at  35.1,  39.3 
and  40.3°  can  be  detected  in  Fig.  5(b),  which  is  the  same  as  the 
reported  works  [27  .  The  lattice  parameter  calculated  from  (111) 
and  (002)  reflections  of  TiHi.5  is  4.43  A,  similar  with  other  studies 
[27,28].  It  demonstrates  that  in  the  present  work  a  certain  amount 
of  TiHi.971  decomposes  to  TiHi.5  during  the  dehydrogenation  at 
673  K.  Therefore,  the  initial  state  of  the  Mg-Ti  hydrides  nano¬ 
composite  before  hydrogenation  measurement  is  the 
Mg— TiHi.971— TiHi.5  nanocomposite.  According  to  the  XRD  peak 
intensities  of  TiHi.971  and  TiHi.5,  the  mass  ratio  of  TiHi.971  toTiHi.5 
is  estimated  to  be  2.5:1.  Then,  the  nanocomposite  can  be  referred 
to  as  Mg-9.2wt%  TiHi.971— 3.7wt%  TiHi.5.  After  hydrogenation  at 
room  temperature,  a  certain  amount  of  TiHi.5  is  still  detectable 
due  to  its  low  hydrogenation  rate  at  such  low  temperature,  see 


Fig.  4.  TEM  bright- field  image  (a)  and  HR-TEM  image  (b)  of  the  as-prepared  TiHi.971 
nanoparticles. 


Fig.  5.  XRD  patterns  of  the  TiHi.971  nanoparticles  (a)  and  the  samples  after  hydroge¬ 
nation/dehydrogenation  at  673  K  (b)  and  after  hydrogenation  at  room  temperature  (c). 

Fig.  5(c).  However,  the  diffraction  peak  intensity  ratio  of  TiHi.971  to 
TiHi.5  becomes  larger,  implying  the  transformation  of  TiHi.5  to 
TiHi.971. 

Fig.  6  shows  the  TEM  and  HR-TEM  images  of  Mg-TiHi.971 
nanocomposite  after  the  hydrogenation/dehydrogenation  process 
at  673  K.  From  Fig.  6(a),  it  is  observed  that  the  particle  morphology 
and  size  does  not  apparently  change  after  the  hydrogenation/ 
dehydrogenation.  The  big  particles  possess  polyhedral  shape,  and 
the  particle  size  varies  from  50  to  190  nm,  about  125  nm  in  average. 
In  this  work,  TiHi.971— TiHi.5  nanoparticles  act  as  a  strong  size 
control  conductor  during  the  hydrogenation/dehydrogenation  cy¬ 
cle,  similar  with  the  effect  of  TiH2  [26].  Fig.  6(c)  displays  the  HR- 
TEM  image  of  the  selected  zone  1  in  Fig.  6(b).  It  is  worth  to  note 
that,  for  the  big  particle,  the  measured  lattice  fringe  spacing  is 
2.800  A,  corresponding  to  (100)  plane  of  hcp-Mg,  and  no  fringe  of 
MgH2  can  be  observed.  This  proves  that  MgH2  dehydrogenates 
completely  into  a-Mg,  in  agreement  with  the  XRD  result  (Fig.  3(b)). 
Fig.  6(d)  displays  the  HR-TEM  image  of  the  selected  zone  2  in 
Fig.  6(b).  The  lattice  fringes  with  a  spacing  of  2.590  A  belongs  to 
(111)  plane  of  TiHi.971. 

Fig.  7  presents  the  TEM  and  HR-TEM  images  of  the 
Mg— TiHi.971— TiHi.5  nanocomposite  after  hydrogen  absorption  at 
room  temperature.  It  can  be  seen  clearly  that  the  particles  keep 
polyhedral  shape,  and  the  particle  size  varies  from  60  to  210  nm 
with  an  average  of  about  130  nm,  as  shown  in  Fig.  7(a).  The  small 
particles  are  also  homogeneously  distributed  on  the  surfaces  of  the 
large  particles.  Fig.  7(c)  displays  the  HR-TEM  image  of  the  selected 
zone  1  in  Fig.  7(b).  It  is  worth  of  pointing  that  there  are  two  kinds  of 
lattice  fringes  in  the  big  particle.  One  kind  of  lattice  fringe  corre¬ 
sponds  to  MgH2  (112)  with  a  spacing  of  2.076  A,  and  the  other  with 
a  spacing  of  1.905  A  belongs  to  (102)  plane  of  hcp-Mg.  The  existence 
of  a  small  amount  of  Mg  is  due  to  the  insufficient  hydrogenation  at 
such  low  temperature,  in  well  agreement  with  the  XRD  result  in 
Fig.  3(c).  Fig.  7(d)  displays  the  HR-TEM  image  of  the  selected  zone  2 
in  Fig.  7(b).  The  fine  black  particles  are  determined  as  TiHi.971  and 
keep  similar  particle  size  of  about  13  nm  as  in  the  as-prepared 
nanocomposite. 

On  the  basis  of  the  analysis  above,  the  HPMR,  the  hydrogenation 
and  dehydrogenation  processes  of  the  Mg-Ti  hydrides  nano¬ 
composite  can  be  summarized  into  the  following  equations, 
respectively. 

Mg  +  Ti  +  H2-Mg  +  TiH1971  (1) 

Mg  +  TiH15  +  TiH1971  +  H2  ->MgH2  +  TiH15  +  TiH1971  (2) 

MgH2  +  TiH15  +  TiH1971  -  Mg  +  TiH15  +  TiH1971  +  H2  (3) 
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Fig.  6.  TEM  bright-field  images  of  Mg-TiHi.97i  nanocomposite  after  the  hydrogenation/dehydrogenation  process  at  673  K  (a),  at  high  magnification  (b),  HR-TEM  image  of  one  big 
particle  (c)  and  HR-TEM  image  of  a  small  nanoparticle  on  the  big  particle  (d). 


3.2.  Hydrogen  storage  properties 

The  activation  treatment  through  annealing  at  673  K  in  vacuum 
and  in  hydrogen  for  several  cycles  is  often  required  for  the  micro¬ 
size  Mg  particles  [29  .  However,  even  after  this  activation  process, 
Mg  at  microscale  can  absorb  only  1.5  wt%  H2  within  2  h  at  673  K 
[29,30].  The  hydrogen  absorption  curves  of  the  Mg— TiHi.971— TiHi.5 
nanocomposite  at  different  temperatures  under  4  MPa  are  plotted 
in  Fig.  8(a).  It  is  surprisingly  observed  that  the  hydrogenation  per¬ 
formance  of  the  Mg— TiHi.971— TiHi.5  nanocomposite  at  room  tem¬ 
perature  is  remarkable.  The  nanocomposite  can  quickly  uptake 
4.3  wt%  H2  in  10  min  at  room  temperature  and  reach  a  value  of 
5.0  wt%  in  60  min.  Lu  et  al.  reported  that  the  ball-milled 
MgH2-0.1TiH2  particles  absorbed  about  3.5  wt%  H2  in  4  h  under 
the  hydrogen  pressure  of  4  MPa  at  room  temperature  14].  This 
indicates  that  the  nanosized  particles  of  Mg-Ti  hydrides  are  su¬ 
perior  to  the  micrometer  level  particles  of  Mg-TiH2  with  respect  to 
the  hydrogenation  properties  at  room  temperature.  Meanwhile,  the 
synergic  catalytic  effect  of  TiHi.971— TiHi.5  nanoparticles  is  more 
effective  than  TiH2  alone.  To  the  best  of  our  knowledge,  this  is  the 
best  hydrogenation  performance  for  the  Mg-based  particles  at 
room  temperature. 

It  is  also  found  in  Fig.  8(a)  that  all  the  curves  exhibit  fast  initial 
hydrogen  absorption  rates.  For  example,  the  nanocomposite  can 
quickly  absorb  hydrogen  at  373  K  and  reach  a  value  of  4.6  wt%  H2  in 
5  min.  Shao  et  al.  reported  that  it  took  more  than  4  h  for  the  ball- 
milled  Mg  and  Ti  composite  to  absorb  4.0  wt%  H2  at  373  K  [13  .  In 


this  work,  the  nanocomposite  also  can  quickly  absorb  hydrogen  at 
473  I<  and  reach  a  value  of  5.8  wt%  H2  in  60  min,  superior  to  the  very 
recent  report  that  Mg  nanoparticles  with  a  mean  particle  size  of 
25  nm  could  absorb  nearly  5  wt%  at  493  K  [31  ].  The  nanocomposite 
can  quickly  absorb  6.1  wt%  H2  in  5  min  at  573.  The  Mg  nanoparticles 
synthesized  by  HPMR  method  can  only  uptake  4.7  wt%  in  10  min  at 
573  I<  (see  Fig.  S3(a)).  The  theoretical  hydrogenation  gravimetric 
capacity  of  the  Mg— TiHi.971— TiHi.5  nanocomposite  is  6.7  wt%.  The 
storage  capacity  of  the  Mg— TiHi.971— TiHi.5  nanocomposite  reaches 
6.2  wt%  at  573  K,  6.4  wt%  at  623  I<  and  6.7  wt%  at  673  K,  respectively. 
Compared  with  the  very  recent  report  that  the  Mg-polymer 
nanocomposite  had  a  storage  capacity  of  4  wt%  due  to  the  high 
percentage  of  polymer  [19  ,  the  TiHi.971— TiHi.5  nanoparticles  not 
only  prevent  Mg  nanoparticles  from  growing  during  hydrogena¬ 
tion/dehydrogenation,  but  also  offer  the  Mg— TiHi.971— TiHi.5 
nanocomposite  a  high  saturation  hydrogen  storage  of  6.7  wt%, 
reaching  the  theoretical  storage  capacity.  It  can  be  observed  from 
Fig.  8(b)  that  the  hydrogen  desorption  rate  of  the 
Mg— TiHi.971— TiHi.5  nanocomposite  also  increases  with  the 
increasing  temperature  from  473  to  673  K.  It  should  be  noted  that 
the  nanocomposite  can  release  6.0  wt%  H2  within  5  min  at  623  K, 
better  than  the  Mg-V  system  which  only  desorbs  4.6  wt%  H2  at 
623  K  [23  .  The  Mg— TiHi.971— TiHi.5  nanocomposite  can  release 
3.5  wt%  H2  at  573  I<  in  5  min,  better  than  the  Mg  nanoparticles 
which  only  desorb  0.8  wt%  H2  in  60  min  at  the  same  temperature 
(see  Fig.  S3(b)).  The  hydrogen  desorption  capacity  enlarges 
remarkably  with  the  increasing  temperature.  The  dehydrogenation 
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Fig.  7.  TEM  bright-field  images  of  Mg— TiHi  971— TiHi.5  nanocomposite  after  the  hydrogen  absorption  under  4  MPa  hydrogen  pressure  at  room  temperature  (a),  at  high  magnification 
(b),  HR-TEM  image  of  one  big  particle  (c)  and  HR-TEM  image  of  a  small  nanoparticle  on  the  big  particle  (d). 


capacity  of  the  nanocomposite  reaches  4.1  wt%  at  573  K,  6.0  wt%  at 
623  K  and  6.1  wt%  at  673  K,  respectively. 

To  clarify  the  effect  of  TiHi.971— TiHi.5  nanoparticles  during  the 
hydrogenation/dehydrogenation  of  Mg-based  nanocomposite,  the 
hydrogenation/dehydrogenation  curves  of  the  TiHi.971— TiHi.5 
nanoparticles  are  also  measured  at  298  and  673  K,  see  Fig.  9.  The 
nanoparticles  can  absorb  0.4  wt%  H2  both  at  room  temperature  and 
673  K,  shown  in  Fig.  9(a).  On  the  basis  of  the  content  of  Ti  in  the 
nanocomposite,  the  contribution  of  TiHi.5  to  the  hydrogen  ab¬ 
sorption  value  is  less  than  0.1  wt%.  The  dehydrogenation  curve  of 
the  TiHi.971— TiHi.5  nanoparticles  at  673  K  is  presented  in  Fig.  9(b) 
and  the  hydride  nanoparticles  release  0.1  wt%  H2  at  673  K,  which 
demonstrates  the  decomposition  of  TiHi.971.  It  is  found  that  the 
TiHi.971— TiHi.5  nanoparticles  almost  do  not  release  hydrogen  at 
100  Pa  and  298  K.  It  should  be  noted  that  considering  that  the  Mg- 
based  nanocomposite  was  heated  to  673  K  to  release  hydrogen  in 
vacuum  before  each  hydrogenation  measurement,  the  result  that 
the  TiHi.971— TiHi.5  nanoparticles  cannot  desorb  hydrogen  at  100  Pa 
and  298  I<  does  not  influence  the  catalytic  function  of  these 
nanoparticles  for  Mg. 

On  the  basis  of  JMAK  (Johnson-Mehl-Avrami-Kolmogorov) 
model  [32],  the  hydrogen  absorption  kinetics  can  be  expressed  in 
the  following  linear  equation: 

ln[  -  ln(l  -  a)]  =  rj  In  k  +  77  In  t  (4) 

where  a  is  the  fraction  transformed  at  time  t,  k  is  an  effective  kinetic 
parameter  namely  reaction  rate  constant,  77  is  the  Avrami  exponent 


of  reaction  order.  For  the  experimental  data  of  298,  373,  473,  523, 
573  and  623  K,  by  plotting  ln[-ln(l-a)]  vs.  ln(t)  (as  shown  in 
Fig.  10(a)),  each  temperature  provides  a  straight  line  with  a  slope  77 
and  an  intercept  77ln(k).  After  calculating  the  rate  constant  k  from 
the  77  value,  the  apparent  activation  energy  for  the  absorption 
process  is  evaluated  from  the  Arrhenius  equation  [33,34]: 

k  =  A- exp  (~Ea/RT)  (5) 

where  Ea  represents  the  activation  energy,  R  is  the  gas  constant 
(8.314472  J  mol-1  K_1),  and  T  is  the  absolute  temperature.  The 
absorption  plot  of  ln(k)  vs.  1000 /T  is  shown  in  Fig.  10(c).  The 
calculated  hydrogen  absorption  activation  energy  of  the 
Mg— TiHi.971— TiHi.5  nanocomposite  is  12.5  kj  mol-1,  lower  than  the 
MgH2-0.1TiH2  particles  of  16.4  kj  mol-1  and  much  smaller  than 
that  of  the  25  nm  Mg  particles  of  122  kj  mol-1  [14,31  .  By  using  the 
same  approach,  the  ln[-ln(l-a)]  vs.  ln(t)  curves  for  473,  523,  573 
and  623  K  are  plotted  in  Fig.  10(b)  and  the  desorption  plot  of  ln(/c) 
vs.  1000 IT  from  the  experimental  data  is  shown  in  Fig.  10(d).  The 
hydrogen  desorption  activation  energy  of  the  Mg— TiHi.971— TiHi.5 
nanocomposite  is  46.2  kj  mol-1.  This  value  is  also  lower  than  that  of 
the  milled  MgH2-0.1TiH2  particles,  58.4  kj  mol-1  [26].  This  clearly 
demonstrates  that  the  TiHi.971— TiHi.5  nanoparticles  efficiently 
improve  the  hydrogenation/dehydrogenation  rate  of  Mg.  The 
different  values  of  the  reaction  order  suggest  that  different  mech¬ 
anisms  are  controlling  the  rates  at  various  temperature  ranges  of 
absorption.  From  Fig.  10(a)  and  (b),  we  can  see  that  most  of  the 
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Fig.  8.  Hydrogen  absorption  curves  under  4  MPa  hydrogen  pressure  (a)  and  desorption 
curves  under  100  Pa  hydrogen  pressure  (b)  of  the  Mg— TiHi.971— TiHi.5  nanocomposite 
at  different  temperatures. 

reaction  order  tj  values  at  different  temperatures  are  less  than  0.5. 
On  the  basis  of  the  dependence  of  rj  on  the  growth  dimensionality, 
rate-limiting  process,  and  nucleation  behavior  reported  by  Karty 
et  al.  [35  ,  it  can  be  concluded  that  the  hydrogenation/dehydroge¬ 
nation  of  the  Mg-TiHx  nanocomposite  is  mainly  controlled  by 
diffusion-rate  limited  mechanism  and  belongs  to  one-dimensional 
growth  at  constant  nuclei  number.  The  rj  value  of  1.123  also  sug¬ 
gests  that  the  transformation  of  MgH2  to  Mg  upon  desorption  at 
623  K  is  determined  by  either  diffusion-rate  limited  occurring  by 
two-dimensional  growth  at  constant  nuclei  number,  or  interface- 
controlled  transformation  with  one-dimensional  growth  at  con¬ 
stant  nuclei  number. 

The  enhanced  hydrogenation  kinetics  of  Mg  can  be  explained 
from  the  following  two  factors:  the  nanostructure  and  the  synergic 
catalytic  effect  of  the  TiHi.971— TiHi.s  nanoparticles.  On  one  hand, 


Time  (min) 


the  nanostructure  of  Mg  plays  an  important  role  in  the  sorption 
process.  Compared  with  micro-scale  particles,  the  nanoparticles 
mean  short  diffusion  distances  and  also  provide  more  dissociation 
sites,  leading  to  the  enhanced  sorption  kinetics.  However,  the  effect 
of  the  nanostructure  alone  cannot  explain  the  superior  hydroge¬ 
nation  properties  at  room  temperature.  On  the  other  hand,  the 
TiHi.971— TiHi.5  nanoparticles  are  critical  to  improve  the  sorption 
properties  of  the  Mg-based  nanocomposite,  especially  at  room 
temperature.  It  is  believed  that  pure  Mg  without  catalytic  additives 
does  not  have  sufficient  ability  to  dissociate  hydrogen  molecules  to 
enable  atomic  diffusion  inside  the  particles  [36]  and  shows  poor 
sorption  performance  (Fig.  S3(a)).  In  the  present  work,  the 
TiHi.971— TiHi.5  nanoparticles  act  as  a  catalyst  to  spillover  hydrogen 
to  Mg  surfaces,  decrease  the  activation  energy  to  dissociate  H2 
[37,38].  It  is  also  believed  that  the  oxide  layer  of  Mg  particles  pre¬ 
vents  hydrogen  from  H  transporting  into  Mg  [39  .  In  this  work,  the 
TiHi.971— TiHi.5  nanoparticles  on  the  surface  of  Mg  decrease  the 
oxide  content  in  the  Mg-TiHi.gyi-TiHi.s  nanocomposite,  which 
enhances  the  sorption  of  H  on  the  surface  of  the  Mg  nanoparticles. 
They  also  restrain  the  Mg  nanoparticles  from  growing  during  hy¬ 
drogenation/dehydrogenation  cycles.  More  importantly,  the 
TiHi.971  nanoparticle,  which  almost  reaches  the  saturation  hydro¬ 
genation  status,  provides  active  sites  for  surface  adsorption  and 
dissociation,  playing  the  similar  role  with  TiH2  [26] .  Compared  with 
TiH2,  TiHi.5  can  further  absorb  a  certain  amount  of  hydrogen  under 
suitable  condition,  which  enables  them  to  dissociate  hydrogen 
easily.  Prominently,  due  to  the  easier  hydrogenation  of  TiHi.5  at 
room  temperature  (Fig.  9(a)),  the  initial  hydrogenation  process  of 
TiHi.5  can  accelerate  the  formation  of  MgH2,  crucial  to  the  hydro¬ 
genation  of  the  Mg  nanoparticles  at  room  temperature.  Thus,  the 
synergic  catalytic  effect  of  the  TiHi.971— TiHi.5  nanoparticles  is  more 
efficient  to  improve  the  sorption  kinetics  of  Mg  than  TiH2  alone, 
illustrated  in  Fig.  11.  In  this  regards,  the  reduced  activation  energy  of 
the  nanocomposite  is,  to  a  large  extent,  attributed  to  the  co¬ 
existence  ofTiHi.97i-TiH1.5  nanoparticles. 

We  further  investigate  the  thermodynamics  of  the 
Mg-TiHi.97i-TiHi.5  nanocomposite.  Fig.  12(a)  shows  the  P-C-T 
curves  of  the  hydrogen  absorption/desorption  for  the 
Mg-TiHi.97i-TiHi.5  nanocomposite  at  623,  648  and  673  K.  Since 
only  a  small  amount  of  TiHi.971  transforms  into  TiHi.5  during  the 
measurement  under  this  condition,  the  curves  show  one  flat 
plateau  at  each  temperature.  The  hydrogen  pressures  of  the  ab¬ 
sorption  plateaus  are  1.70  MPa  at  673  K,  1.10  MPa  at  648  I<  and 
0.57  MPa  at  623  K.  The  hydrogen  pressures  of  the  desorption  pla¬ 
teaus  are  1.47  MPa  at  673  K,  0.85  MPa  at  648  I<  and  0.49  MPa  at 
623  K.  From  these  data,  the  Van't  Hoff  Plots  (In  P  vs.  1/T)  for  both 
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Fig.  9.  Hydrogen  absorption  curves  of  the  TiHi.971— TiH15  nanoparticles  under  4  MPa  hydrogen  pressure  (a)  and  desorption  curves  under  100  Pa  hydrogen  pressure  at  298  and 
673  K  (b). 
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Fig.  10.  Plots  ln(-ln(l-a))  vs.  ln(t)  for  the  hydrogenation  (a)  and  dehydrogenation  (b)  of  the  Mg-TiHi.g7i-TiHi.5  nanocomposite;  absorption  plot  (c)  and  desorption  plot  (d)  of  In  k 
vs.  1000 IT  of  the  Mg-TiHi.g7i-TiHi.5  nanocomposite. 


absorption  and  desorption  of  the  Mg-TiHi.97i-TiHi.5  nano¬ 
composite  are  built  in  Fig.  12(b).  According  to  the  fitting  line  from 
the  experimental  data,  the  Van't  Hoff  equation  obtained  for  the 
absorption  is  ln(P)  =  -9.18 /T  +  18.81  and  the  goodness  of  linear  fit 
is  0.986.  The  obtained  value  of  the  formation  enthalpy  (AHab)  for 
the  Mg-TiHi.97i-TiHi.5  nanocomposite  is  -76.3  kj  mol-1,  which  is 
comparable  to  the  standard  enthalpy  for  MgH2  ( — 75  kj  mol-1  H2) 
[37,40,41  .  The  Van't  Hoff  equation  for  desorption  is  ln(P)  =  -9.14/ 
T  +  18.57.  The  decomposition  enthalpy  (AHde)  for  the 

Mg— TiHi.971— TiHi.5  nanocomposite  is  evaluated  to  be  76.0  kj  mol"1 
and  the  goodness  of  linear  fit  is  0.999.  This  implies  that  the 
TiHi.971— TiHi.5  nanoparticles  do  not  alter  the  thermodynamics  of 
the  sorption  process,  although  they  strongly  improve  the  sorption 
kinetics.  Lu  and  coworkers  reported  that  the  calculated  reaction 
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enthalpy  of  the  ball-milled  MgH2-0.1TiH2  composite  is 
68.2  kj  mol-1  H2  [26],  lower  than  that  of  the  standard  value  for 
MgH2  (75  kj  mol-1  H2).  They  claimed  that  TiH2  formed  an  alloy  or 
solid  solution  with  MgH2  during  the  ball  milling.  In  our  study,  the 


p  10  r 


O 

X 


9  1  • 


P 

VI 

V 

O 

'mm 

an 


0.1  - 


a 


_ > - p  ■ 

 ' - 

i - T 

- T- - 

—  A  —  623  K  absorption 
— ▼ —  623  K  desorption 
— «  —  648  K  absorption 

—  ► —  648  K  desorption 
— ♦  —  673  K  absorption 

—  * —  673  K  desorption 


0  1  2  3  4  5  6  7 

Hydrogen  Content  (wt  %) 


8 


5.4 

5.2 

;b 

AH  =  -76.3  kJ  mol" * 

jib 

5.0 

R2=0.986 

4.8 

PLi  ,  .. 

fi  4.6 

4.4 

4.2 

AH  =  76.0  kJ  mol"1 

de 

4.0 

-  R2=0.999 

3.8 

_ 1 _ _ _ 1 _ _ _ 

1  ■  » _ 1 _ 1 _ 1 _ 1 _ 1 _ 1 _ 1 _ 

1.48  1.50  1.52  1.54  1.56  1.58  1.60  1.62 


1000/TXK1) 


Fig.  11.  The  illustration  of  the  synergic  catalytic  effect  of  the  TiHi.g7i— ' TiHi.5 
nanoparticles. 


Fig.  12.  P—C  isotherm  curves  at  623,  648  and  673  K  (a)  and  Van't  Hoff  plots  (b)  for  the 
Mg— TiHi.g7i— TiHi.5  nanocomposite. 
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ball  milling  is  not  applied,  so  the  TiHi.971— TiHi.5  nanoparticles 
cannot  form  an  alloy  or  solid  solution  with  MgH2.  Thus,  the 
enthalpy  reduction  for  dehydrogenation  is  not  obtained.  The 
Mg— TiHi.971— TiHi.5  nanocomposite  with  high  sorption  kinetics  and 
storage  capacity,  and  low  hydrogenation  temperature,  is  a  prom¬ 
ising  candidate  for  hydrogen  storage. 

4.  Conclusions 

The  Mg-9.2wt%TiHi.97i-3.7wt%TiHi.5  nanocomposite  was  suc¬ 
cessfully  prepared  by  HPMR  and  hydrogenation/dehydrogenation 
at  673  K.  The  Ti  hydrides  nanoparticles  of  13  nm  were  uniformly 
dispersed  on  the  surfaces  of  the  Mg  nanoparticles  of  50-190  nm, 
and  they  prevented  the  Mg  nanoparticles  from  growing  during  the 
hydrogenation/dehydrogenation.  The  Mg-TiHi.97i-TiHi.5  nano¬ 
composite  could  quickly  uptake  4.3  wt%  H2  in  10  min  at  room 
temperature  and  reaches  a  value  of  5.0  wt%  in  60  min.  The  apparent 
activation  energies  for  hydrogen  absorption  were  calculated  to  be 
12.5  and  46.2  kj  mol-1,  respectively.  The  high  sorption  kinetics  and 
low  activation  energy  are  attributed  to  the  nanostructure  of  Mg  and 
the  synergic  effect  of  TiHi.971— TiHi.5  nanoparticles. 
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